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ABSTRACT

Dual-plate meteoroid shields consisting of sacrificial bumper
plates spaced some distance outboard from the vehicle hull are the
most effective structures yet conceived for protecting space
vehicles from meteoroid impacts. This report presents the
development of a new analysis for designing dual-plate shields.

The analysis is based upon energy and momentum conservation, 7
fundamental electromagnetic radiation physics, and observation of
results from extensive experimental impact investigations conducted
at relatively lower velocities (near 7 km/s). One important
conclusion is that most of the kinetic energy of a meteoroid
striking a dual-plate shield is expended as radiation at the
stagnation zone on the face plate of the underlying structure and
that this fraction increases rapidly with increasing velocity. The
analysis provides quantitative estimates of shield strength against
four threats: blast loading of the underlying structure; direct
impact of the underlying structure by meteoroids passing through
holes in the bumper; impacts of the underlying structure from debris
spalled from the bumper; and impacts from debris projected behind
impacted hard points.

The analysis was developed during the Comet Halley Intercept
Mission (HIM) study for protecting the spacecraft from the intense
comet meteoric environment. The results have been generalized so
that they are usable for: developing space vehicle protection against
generalized meteoroid threats; developing meteoroid protection for
vehicles dedicated to other cometary missions; and extending our
understanding of impact mechanics at velocities well above those
that have previously been considered in detail.

Included are also several other studies related to the shield
design effort for the HIM vehicle. These studies were conducted to:
consider designs for mirrors exposed to the dust environment;
evaluate ion fields created by dust impacts on the vehicle shield;
and consider the use of fiber composite materials to replace

metallic shield components.
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1., INTRODUCTION AND BACKGROUND

This report describes results of a series of investigations
conducted to evaluate means for protecting a large spacecraft from
meteoric environments. One particular intense environment is that
associated with a close encounter with Halley's Comet. The
protection problem is especially complex because of the very large
impact velocities produced by the relative velocity vectors between
Halley's Comet and vehicles launched into relatively low energy

encounter orbits from Earth.

l.1 INTRODUCTION

Vehicle trajectories planned for the Halley's Intercept Mission
(HIM) vehicle as it encounters Halley's Comet would carry the
vehicle through an intense veil of meteoric material. Halley's Comet
is unusual in that it travels in its orbit around the Sun retrograde
to most other objects. As a result, encounters between the HIM
vehicle on a low energy orbit from Earth and Halley's Comet occur at
velocities ranging from 62 km/s to 72 km/s depending upon the time
chosen for the encounter during the middle Spring of 1986. These
encounter velocities are much higher than can be studied
experimentally using laboratory accelerators of macroparticles. They
are also considerably above impact velocities considered in detail
using theoretical tools during previous studies of meteoric impacts
with spacecraft. The potential for disastrous encounters due to the
enormous impact velocities is obvious.

An effort was initiated at the Jet Propulsion Laboratory (JPL)
during late 1979 to increase understanding of supervelocity impacts
(impacts at speeds above 20 km/s) and to develop design methodologies
for specifying meteoroid shields that would have high probabilities
for protecting the Halley's Intercept Mission (HIM) vehicle during
its encounter with Halley's Comet. Other JPL studies have provided
reasonably precise estimates of the meteoroid environment (1,2). The
activities reported in this document concern establishing the physics
governing meteoric impacts with the HIM spacecraft and several of its
critical components exposed to the meteoroid flux.



Important individual activities of this effort include:

® Developing a physical understanding of the interaction
between supervelocity meteoroids and dual-element meteoroid
shields,

® Developing methodologies for designing dual-element shields
to provide specified protection levels at minimum weight.

® Studying related phenomenology concerning vehicle interactions
with the Halley meteoroid environment including: impact erosion
of outboard mirrors exposed to the meteoroid flux; ion fields
resulting from meteoric impacts with the HIM vehicle; and use of
fiber-reinforced plastics as substitutes for metallic shield
materials.

The emphasis for all of these activities has been placed upon
solving problems associated with the HIM vehicle encountering
Halley's Comet. Where possible, the results have been generalized so
that they are usable for: developing space vehicle protection
against generalized meteoroid threats; developing meteoroid
protection for vehicles dedicated to other cometary missions; and
extending our understanding of impact mechanics at velocities well
above those that have previously been considered in detail.

1.2 BACKGROUND
1.2.1 Comets —

Comets are fascinating objects for astronomical investigation
because they are among the most primitive bodies associated with the
solar system. As such, they provide one of the best sources
available for information concerning the early phases of solar system
development., Comets are probably bodies made up of ice (primarily
water ice, but also ices of carbon dioxide, ammonia, and methane) into
which is embedded numerous agglomerations of silicate crystals. A
substantial number of these "dirty snowballs"™ reside in space beyond
the known planets of the solar system. Occasionally, combinations of
stellar and planetary gravity perturbations work together with solar



gravity to cause an individual comet to plunge into the inner solar
system along a nearly parabolic orbit which takes it through the
inner solar system and returns it to deep space beyond, As the comet
approaches the Sun, the resulting intense radiation sublimes away
part of the ice surface and releases the nonvolatile silicate debris.
Much of this debris is lofted slowly away from the comet by
gasdynamic drag induced by the exiting gaseous material. This solid
material then effectively flies in formation with the comet itself
for extended periods until it finally defuses away. Meanwhile, the
evolved gas streams away from the comet in directions approximately
opposite to the Sun due to the effect of radiation pressure and solar
wind., The visible comet tails and the less spectacular comet
anti-tails are made up of ions and dust particles, respectively.

Occasionally an incoming comet passes close enough to one of the
principal planets (Jupiter, Saturn and possibly Uranus or Neptune) to
dissipate significant amounts of its kinetic energy in the moving
planetary gravity field. This energy reduction traps the comet in an
elliptical orbit about the Sun whose aphelion distance may vary over
wide ranges. These comets make repeated passes by the Sun which may
or may not produce spectacular displays from the vantage point of
Earth.

The meteoric material produced during multiple encounters of the
comet with the Sun tends to become spread out roughiy along the
cometary orbit and produce the well-known terrestrial meteor showers,
as these orbits are encountered by the Earth several times per year.

1.2,2 Halley's Comet

The best known and among the most spectacular of all comets is
Halley's Comet whose apparitions have been traced back historically
to more than two millennia B.C., It is believed to be an ice block
near 3 km in radius which travels around the Sun with an orbital
period of approximately 76 years. Perihelion distance is somewhat
inside the Venus orbit and the aphelion lies somewhat beyond
Neptune's orbit. Current estimates are that about 30% of the mass of



the comet is made up of siliceous particles. The parent material

of these particles has a density near 2.3 g/cm3, but the gross
densities of the larger agglomerations are near 0.75 g/cm3. The
smallest crystals themselves have diameters between 0.1 and 0.5 um
and aspect ratios between 3 and 10. Thus, the gross densities of
meteoroids emitted from Halley's Comet vary with meteoroid size.

When sizes are typical of the individual crystals, densities are near
2,3 g/cm3. These densities fall monotonically with increasing
meteoroid size until they reach 0.80 g/cm3 for meteoroids 1 mm in
size and larger.

Halley's Comet produces as spectacular a display as almost any
comet when the Earth is properly situated for observation. Nearly
ideal observation conditions occurred during the apparition of 1910.
The spectacular display was caused by the fact that Halley's Comet is
unusuallyrlarge and unusually prolific in its gas emission. An
anti-tail (a apparent luminous protrusion toward the Sun) was
photographed in 1910. Presence of the anti-tail demonstrates clearly
that Halley's Comet is a rich source of large dust particles, which
indicates strongly that Halley's Comet may be expected to possess an
intense vell of such particles.

This veil represents an extreme danger to spacecraft sent along
low energy orbits from Earth to encounter the comet during its
passage near the Sun, because the impacts of meteoroids with the
vehicle will be both numerous and extraordinarily violent due to
their very large closure velocities,

Closure velocities between 62 and 72 km/s are expected
(depending upon the time chosen for encounter) because Halley's Comet
travels retrograde around the Sun so that its orbital speed must be
nearly added to that of the probing vehicle. The relative velocity
vectors between all meteoric material associated with Halley's Comet
and the encountering vehicle are almost exactly that of the comet
itself due to the relatively tiny velocity difference between the
meteoroids and the comet body. For this reason virtually all
material impacting a vehicle approaching Halley's Comet approaches



from a single direction so that meteoroid impact protection measures
need be applied to only one side of the vehicle. Current
understandings of the meteoroid flux field surrounding Halley's Comet
have been incorporated into a computer code by Dr. Neil Divine of
JPL(2). This code has been used widely by many investigators to
estimate the total meteoroid fluences experienced by vehicles as they
encounter Halley's Comet.

1.2.3 Halley's Intercept Mission Vehicle

The vehicle envisioned by the Jet Propulsion Laboratory for
intercepting Halley's Comet is a 3-axis stabilized platform with a
presented area of 6.4 m2. (See Figure 1.) It would be launched
directly from Earth with a Titan rocket or from the Space Shuttle in
Earth orbit and would follow a near minimum energy trajectory to’
encounter Halley's Comet shortly after perihelion which occurs on
February 9, 1986. The vehicle was to carry a high performance camera
for viewing the comet both from a considerable distance during
approach where detailed navigational and ephemeris information would
be acquired and during encounter where photographs of the cometary
surface would be recorded. The original vehicle configuration would
also carry other instruments to observe radiation from the comet over
wide spectral ranges and to determine the chemistry of both gaseous
and solid material emitted from the comet. The chemistry experiments
dictated that an absolute minimum of material be emitted from the
vehicle itself and that this material be limited chemically to
constituents not expected to be present in the comet itself.

A later configuration of the HIM vehicle replaced almost all of
the observing instruments except the camera with a system for
collecting meteoric and gaseous material emitted by the comet and
sealing this material into a pod which would be returned to Earth
several years after the encounter when the BIM vehicle was again in
near-Earth space. The cometary material would then be recovered for

analysis to determine cometary chemistry.
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1.3 REPORT STRUCTURE

The remainder of this report is divided into three chapters
which describe specific phases of the research program.

e Chapter 2 contains a description of supervelocity impacts

between meteoroids and 2-layer meteoroid shields,

® Chapter 3 presents design methodologies for specifying

meteoroid protection armor.

e Chapter 4 describes a variety of supporting activities

conducted during the research program,



2. PHYSICS GOVERNING ULTRA HIGH VELOCITY IMPACTS
ONTO DUAL-PLATE METEOR ARMOR

By far the most important problems for analyzing meteoroid
protection measures for the HIM vehicle involve establishing the
physics governing supervelocity impacts against dual-plate meteoroid
shields., Let us start our discussion of this subject with a
qualitative description of such an impact process, and continue by
developing specific quantitative models for the individual processes.

2.1 QUALITATIVE OPERATION OF DUAL-PLATE METEOROID SHIELDS

A dual-plate meteoroid shield consists of a thin plate (bumper)
spaced a considerable distance in front of the surface to be protected.
An incoming meteoroid strikes the bumper and is shattered. The
impact perforates the bumper allowing a majority of meteoroid and
bumper debris to be projected rearward behind the bumper. This
material expands transversely as it proceeds rearward producing a
thin-walled bubble of debris. The bubble finally impacts the surface
to be protected over an extended area. The area increase of the
secondary impact over that of the primary one reduces sharply local
impact intensity. Impacts against dual-plate meteoroid armor have
been studied experimentally at velocites up to 7.5 km/s. Weight
savings of more than a factor of ten have been demonstrated
experimentally during these studies for dual-plate meteoroid armor
configurations compared with homogeneous metal armor with the same
protection capability.

The analyses described in the remainder of this chapter must be
exercised to demonstrate their operation and to provide numerical
information for justifying a variety of simplifying assumptions., We
have specified a single impact situation for carrying out all of
these analyses which is detailed in Table 1. The values for the
dimensionless ratios G, Q, and B have been chosen somewhat
arbitrarily to reflect results of experiments conducted at velocities
near 7.0 km/s and our current understanding of supervelocity impacts.



PARAMETER SYMBOL VALUE

e Incoming Meteoroid Mass Mo 1074 kg (0.1 gm
e Nominal Impact Velocity Un 7 X 104 n/s
e Impact Kinetic Energy Eq 245 kJ
@ Molecular Wt. of Debris Cloud m 20 kg/kg mole
material (20 g/g mole)
e Spacing Between Bumper and
Cloud stagnation Surface ' X 0.30 m
DIMENSIONLESS RATIOS
® Bumper Mass/Unit Area vs
Meteoroid Mass/Unit Area K 0.25
® Dia. of Bumper Hole Contributing
to Debris Cloud vs. Meteoroid Dia. G 1.0
) Energy of Cloud's Outward Motion
vs., Energy from Momentum Conserva-
tion _ Q 1.0
e Cloud wall Thickness vs. B 0.20

Cloud Radius

Table 1. Specification of a Standard Impact Typical of One
That Might be Experienced by the HIM Vehicle.,



2.2 NATURE OF METEOROID DISRUPTION PROCESS

Extremely intense shockwaves are produced in both the oncoming
meteoroid and the bumper material at the instant of initial contact.
These shockwaves propagate rearward into the oncoming meteoroid and
forward into the bumper. The pressures immediately behind the
shockwaves are enormous when meteoroid impact velocities in the range
of 60 - 70 km/s are considered.(g) Typically these pressures exceed
one-terrapascal (10 megabars). The material is also heated to
temperatures between 5 x 105 %k and 5 x 106 k. Densely confined
material at these temperatures can radiate away its internal energy
at rates up to 3.5 x 1015W/m2. This energy loss potential will be
shown shortly to produce negligible energy transfer to radiation at
the original impact site.

The shockwaves propagate at supersonic speeds (with respect to
the unshocked material) forward into the bumper material and rearward
into the meteoroid material after initial contact. This motion
continues until the waves reach free surfaces at the rear of the
bumper and at the sides and rear of the meteoroid. It is a fact of
nature that a free surface cannot withstand normally-directed stress
components.‘lO) This condition is met at free surfaces upon which
shockwaves impinge by instantaneous production of releasewaves whose
localized tensile stress is precisely opposite the instantaneous
compressive stress of the oncoming shockwave thus canceling to zero
the normal stresswave component at the surface. These releasewaves
propagate in the opposite direction to the shockwaves that produce
them or back into the shocked material where they relieve the
pressure back toward zero. Temperatures also fall back to values
somewhat above the pre-shocked situation and most of the energy
originally stored in the material behind the shockwave is converted
to directed kinetic energy as the material is accelerated to high
velocity.

Let us now consider the problem of radiation from the material
shocked by the original impact. Initially, no energy radiated by the
shocked material can escape because it is surrounded by cool

(unshocked) material that is almost completely opaque to the
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radiation. Radiative energy starts to leave the shocked material
when the shockwave moves close enough to a free surface so that the
radiation being emitted behind it can penetrate the remaining
material and reach the space beyond. Typically this penetration
occurs when the shockwave is within 1 um from a free surface or
less. The releasewave produced when the shockwave reaches the free
surface quickly terminates radiation as an important mechanism for
energy transfer by cooling the shocked material to the point where
extreme radiation intensiéies are no lohger possible. Thus, we have
a surface with dimensions roughly similar to the origiﬁai meteoroid
(no larger than a few mm in diameter) radiating for a period roughly
equal to the time required for a shockwave to make a dual transit
through 1 um of material (typically a few tens of picosecbnds).
While the source may be extraordinarily bright, the flash duration
and the source area limit the total energy transfer to a negligible
value. A maximum of 10 joules can be emitted by a standard impact
(Table 1) whose total kinetic energy exceeds 200 kJ.

Let us now consider the state of material during and after
passage of the original (primary) shockwave. The normal stresses
produced by the shockwave (greater than 1 terrapascal) are orders of
magnitude greater than any conceivable material strength which
assures that material motion under the influence of the shockwaves is
affected negligibly by material strength. The state of material in
the shocked condition is difficult to define since neither its
density nor its shape is governed by materials propeftieq,r (We might
almost consider the material to be a gas.) Intense shockwaves add

(10) The amount of

entropy to the material through which they pass.
entropy added becomes almost proportional to peak shock pressure with
the proportionality constant being governed largely by the material's
shock compressibility. Material release from high pressure is nearly
an isentropic process, on the other hand, so that entropy transferred
to the material by shockwave transit is trapped. This entropy
appears as internal energy (heat) when the material returns from its

shock-compressed state. The material returns in solid form (although
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massiVely disrupted) if this "entropy heating” provides less internal
energy than the material's fusion energy. The material appears as a
liquid if the entropy heating provides more energy than the
material's fusion energy but less than its sublimation energy, and it
returns as a gas if the sublimation energy level is exceeded. Table
2 lists the impact conditions required to melt and vaporize a number
of metals via entropy heating. This tabulation shows clearly that
all material subjected to the primary shockwaves from impacts at the
speeds considered here (60+ km/s) are vaporized regardless of their
shock compressibilities or sublimation energies. The states of
materials in debris clouds will be shown later to have a profound
effect upon subsequent phases of the impact processes.

A number of experimental investigations conducted at impact
velocities below 7.5 km/s have shown that the critical parameter for
determining the combined disruption efficiency of projectile and
bumper material in the cloud behind an impacted bumper is the ratio,
K, between the masses per unit presented area of the bumper and
projectile.(5’6'7) A ratio of K = 0.25 was shown to produce the most
complete material disruption (and the least-lethal debris clouds)
when these clouds consisted principally of solid fragments, liquid
droplets, or gas, Additionally, this criterion of K = 0.25 appears
to be valid for describing bumper impact computations using numerical
finite-difference routines when impact velocities throughout the
meteoroid impact regime have been investigated.(g) Accordingly, we
assumed that this criterion is valid in the supervelocity impact
regime of interest and have applied it to the analysis described
here. - '

Meteoric impacts with too thin bumpers do not necessarily cause
materials involved to vaporize or even melt regardless of impact
velocity. When the meteoroid is larger than the shield is designed
to protect against, a shockwave propagates through the bumper after
impact to the rear surface where it initiates a releasewave that
propagates back through the bumper into the projectile and overtakes
the primary shockwave in the projectile before it can shock all the
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projectile material. The releasewaves are dispersive so they do not
eliminate the ongoing shockwave completely at initial contact.
Rather, they cause severe shockwave attenuation that reduces stresses
sharply at positions immediately beyond the original shockwave-
releasewave enounter. The result of such a situation is that

some meteoric material is not fully shocked and may pass through

the bumper into the space behind it without being affected fully.
This impact situation is of no direct interest to the problem at hand
since it represents impact conditions beyond those the protected
vehicle is expected to survive,

A similar and much more common situation occurs when the bumper
is too thick. This situation occurs often during a vehicle mission
because it involves meteoroids smaller than those for which the
shield was optimized impinging upon the bumper. 1In this case, a
shockwave that propagates into the projectile is reflected by
interactions with the side and rear walls. Resulting releasewaves
propagate forward and overtake the primary shockwave in the bumper
before this wave reaches the rear surface, Bumper material is then
projected toward the vehicle hull without being fully shocked and,
therefore, may propagate as liquid droplets or even solid fragments,

We can use this line of reasoning to arque that solid bumper
material will always be projected behind bumpers exposed to real
meteoroid fluxes because these fluxes always contain relatively large
numbers of particles smaller than the largest particles protected
against. 1In general, meteoroid populations contain sizes down to
those that can just perforate the bumper and smaller ones that can
only crater the bumper. Impacts from many of these particles meet
the too-thick bumper criteria discussed above and lead to solid
bumper material being projected toward the hull.

Let us consider these solid bumper fragments in more detail
because they may represent a threat to the overall shield protection
under some circumstances. The shockwaves that create and launch
these fragments are strongly divergent spacially due to the geometry
of the impact process between a tiny meteoroid and a relatively thick
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plate. Since the locally-induced motion of the bumper material
produced by passage of the shockwave and releasewave is normal to the
local wave surface, large gradients in direction are produced in the
resulting velocity fields. These gradients tear the bumper material
apart as it is projected behind the impacted bumper. The fineness of
this material disruption is controlled by the toughness of the bumper
material in withstanding velocity gradients within individual
fragments. The material of an individual fragment must dissipate the
kinetic energy associated with separation motions within it through
elastic and plastic deformation if it is to remain a single particle.

We propose a conservative specification for the maximum size of
solid debris fragments projected energetically behind an impacted
bumper: the largest fragments have equivalent spherical diameters
equal to the bumper thickness.

Solid particles projected behind bumpers are launched by a
single shockwave encounter. As such, their velocities are limited to
twice the particle velocity associated with the shockwave (10)
in turn, is determined by shock stress level. Shockwave stress
levels also control the heat added to material via entropy heating
described earlier. Thus, maximum velocities may be assigned to solid

which,

material projected behind impacted bumpers depending upon the shock
and thermal properties of the bumper material. Shockwaves with
particle velocities near 2.5 km/s will just melt aluminum (see Table
2) which indicates that solid aluminum fragments may bg shock-
accelerated to velocities no higher than approximately 5 km/s. .

Thus, we have a model that establishes both the maximum size and
velocity of fragments launched behind impacted bumpers in terms of
the geometry of the bumper and physical properties of bumper
materials.

2,3 PERFORATION OF METEOROID BUMPERS

Many experimental studies have indicated that holes produced in
bumper plates by projectile impact are up to several times the
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diameter of the impacting projectile, (4,5,6) It was thought

originally that essentially all the material from such holes
participated in the energetic debris plumes projected behind impacted
bumper plates, Later, more careful investigations have shown this
not to be the case (at least for impact velocities below 7.5 kn/s).
The only bumper material observed in energetic debris clouds behind
impacted bumpers comes from the area of the bumper under the
projection of the projectile onto the surface. The remainder of the
material in the hole appears to be projected laterally along the
bumper surface. It is either piled up in lips around the final hole
or moves off at low speeds in directions nearly parallel to bumper
surface.

The hole diameters are significant to overall shield operation
because these holes provide free access to the protected elements of
the structure for subsequent meteoroids. Thus, the probability of a
particle large enough to penetrate the unprotected second surface
passing through holes in the bumper without touching the bumper wall
must be less than the failure probability budget if the shield is to
operate effectively (should a small meteoroid touch any portion of
the bumper while passing through it, the meteoroid would be shattered
completely and its lethality to the second plate would be reduced
sharply).

A variety of empirical relationships have been proposed for
predicting hole diameters produced by meteoroids perforating bumpers.
experimental results gathered at velocities up to 7.5 km/s and their
extrapolation to the velocities of current interest (near 70 km/s)
produces preposterous results. Equation 1 from Reference 6 is an
example of such an equation that reflects the most recent
experimental data available,

/3

-5 2 '
T 4.5 x 10 r Um (tb/2rm) + 0.9 r (1)
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Where: Iy and r, = radius of bumper hole and meteoroid
respectively; Um = meteoroid impact velocity; and t, = bumper plate
thickness. Applying this formulation to the standard impact
situation produces the result that the hole produced by a 3 mm dia.
meteoroid is nearly 100 mm in diameterl

We propose a model for prediCting bumper hole sizes more
realistically based upon hole sizes produced by several limiting
impact situations,

Both basic theoretical arguments
that projectiles traveling at any velocity passing through membranes
whose thickness is a negligible fraction of characteristic projectile
dimensions produce a hole that accurately reflects the projection of
the projectile onto the surface, i.e., the hole size is the same as
that of the projectile. Another extreme situation occurs when the
projectile size is reduced to the point where it can just perforate
the bumper, (i.e., the ballistic limit size) where we may assume that
the hole diameter has just reached zero.

An intermediate point occurs where the projectile produces a
maximum-diameter hole. We have chosen to set an upper limit for this
diameter equal to the diameter of a crater that would have been
produced if the projectile impacted a thick block of bumper material.
The size of this crater can be estimated at least approximately by
application of the principles that the volume of an impact crater is
proportional to the kinetic energy of the impactor and that
hypervelocity craters are nearly hemispherical. Applying these two
criteria produces a relationship between projectile and crater -
diameters and impact conditions presented in Equation 2,

(11) and experience indicate

(pm Um)1/3 2
rc = rm R
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Where:
I, and I, = the radius of the crater and meteoroid respectively;

P and Um = the gross density and velocity of the meteoroid,
respectively; and R is the proportionality constant relating
meteoroid kinetic energy to crater volume (typical values of R for
stoney materials impacting aluminum are near R = 109 J/m3 (1010
erg/cm3). Evaluating this relationship for a meteoroid with gross
density of P = 0.75 tonne/m3 (0.75 gm/cc) and a velocity of Up = 7 x
104 m/sec yields a ratio of crater diameter to meteoroid diameter of
S= rc/rm = 12,2, This value, according to the model, is the maximum
hole size that can be expected in an impacted bumper. We assume
further that the bumper thickness required to produce such a hole is
half the crater radius (or depth), i.e., a maximum diameter
performation is produced when the deepest penetration of a crater in
a block is twice the thickness of the bumper.

The ballistic limit thickness has been shown by numerous studies
(experimentally at velocities up to 7.5 km/s and theoretically at
higher speeds) to be approximately 1.5 times the crater depth in a
thick plate (or 18.3 times the projectile radius for the case
considered here).

These three points are plotted in Figure 2. We have no
information available on how they are to be connected and so we
propose to use straight lines point-to-point to represent the
currently most probable values. We have also shown the more
conservative "constant value" fit for smaller-than-optimum meteoroids,
which we choose to take as the worst-case situation.

This analysis is sufficient for establishing an upper bound on
the hole sizes produced in bumper plates by meteoroid impacts. It is
almost certainly conservative so that its use in analysis of bumper
shield effectivess should introduce an inherent safety factor,
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Melting Vaporization
Inclipient Complete Incipient Complete
Material - R
Al Impact Al Impact Al Impact Al Impact
Pre;ls)ure Velocity Pre;;ure Velocity Pre;;ure Velocity Pre:us)ure Velocity
km/sec km/sec km/sec km/sec
Magnesium 0.48 5.40
Aluminum 0.70 5.60 1.00 7.0
0.67 5.50 0.88 6.6 1.67 10.2 4.70
0.61 5.10 0.85 6.5
Titanium 1.30 7.60
Iron 1.80 7.90 2.10 8.80
(Steel)
Cadmium 0.33 2.50 0.46 3.20
0.40 3.0 0.59 3.9 0.88 5.2 1.80 8.1
0.33 2.5 0.43 3.15 0.70 4.4 5.30
Copper 1.40 6.60 1.84 8.00
1.40 6.60 1.84 8.00 3.40 12.6 34.00
Nickel 2.3 9.00
Lead 0.25 2.00 0.35 2.60
0.27 2.1 0.34 2.5 0.84 4.8 2,30 9.1
Table 2. Shock and Impact Conditions Required to Create
Phase Changes in Selected Shocked Materials.
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Figure 2. Plot of Hole Diameter in a Meteoroid Bumper vs. Bumper

Thickness Both Normalized With Respect to Meteoroid Size.
Represents Results of the Proposed Hole Size Model With Two Options

for Estimating Hole Sizes Produced by Small Meteoroids.
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2.4 EXPANSION OF DEBRIS CLOUDS BEHIND IMPACTED BUMPERS

Experiments conducted at velocities of 7.0 & 0.5 km/s have shown
that debris material exiting behind an impact site on a bumper
expands transversely as it proceeds rearward to form a debris bubble
(see Figure 3). These bubbles were found to be basically empty
regardless of the physical state of the debris material (solid,
liquid, or gas). Debris clouds of solid and liquid fragments tended
to fill less than 2% of the internal space.(ls) Gaseous debris
clouds may fill as much as 10% - 15% of this space.(16) We see no
reason that impacts at velocities near 70 km/s should change the
physics of the situation enough to affect this empty-cloud
observation significantly. Accordingly, the remainder of the
analysis incorporates the assumption that the ratio of instantaneous
cloud thickness to cloud radius, B, is well below unity.

We have chosen to consider the debris expansion process as an
explosion caused by the impact of the meteoroid with the bumper
material immediately beneath it. This choice was inspired by an
analysis of bumper armor operation suggested originally by A. J.
Richardson.(zl) The center-of-gravity (c.g.) of the debris plume
moves rearward from the bumper (toward the vehicle hull) according to
conservation of linear momentum. The material making up the plume
expands away from the c.g. as a spherical shell where all material

travels outward at a single speed.
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{a) PELLET APPROACHING (b) PELLET HAS JUST {c) FRONT AND REAR DEBRIS
BUMPER PUNCTURED SHIELD CLOUD FORMING
L 3 s
[ 1 _ -
+4,5 USEC +8.4 USEC +10.4 USEC
{d) CLOUD EXPANSION (e) CLOUD ABOUT TO IMPACT (f) CLOUD IMPACTING HULL
CONTINUES SIMULATED HULL (NOTE LIGHT EMITTED

UPON IMPACT)

+20.1 SEC
(g) HULL PLATE STARTS TO FAIL

Figure 3. Development of a Debris Plume Produced by a 3MM Aluminum
Sphere Impacting a 0.75 MM Thick Aluminum Plate Simulating a
Meteoroid shield at a Velocity Near 7.0 Km/s. The Images are
Selected From a Cine' Sequence Taken at a Rate Near 10  pps. Note
That Cloud Material Becomes Luminous After Being Stagnated on the
Second (Hull) Plate (Frame f) and Rupture of the Second Plate shown
in Frame (qg). 7
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The debris cloud expansion process is diagrammed in Figure 4.
Note that most surface points on the rear plate are struck by both
the front and rear segments of the spherical debris shell. On-axis,
the rear cloud surface will be shown later to travel at, typically,
30% of the velocity of the front surface (and contain, typically, 10%
as much specific energy). Off-axis, the intensity of forward cloud
parameters as seen from the stagnation plate falls with increasing
angle from the axis as measured from the impact point, The intensity
of the rear cloud parameters increase with angle off-axis at
comparable rates, Very roughly, these two factors offset one another
Total cloud impingement parameters on the stagnation surface are
maximum on axis, but they reduce to a markedly small degree with
increasing off-axis angle. For computational simplicity, we have
chosen to make all calculations for the on-axis case only and to
leave to specialized analyses the more mathematically complex
exercises needed for complete evaluation of the models proposed.

Let us start a quantitative treatment of this process by
evaluating the velocity of the c.g. of the debris plume, Uc,
of the incoming projectile velocity, Um' the ratio of the masses per
unit area of the target plate and projectile, K, and the ratio of the
diameter on the bumper which produces material for the energetic
debris cloud to the projectile diameter, G. Note that experimental
evidence indicates that G has a value near unity as discussed in
Paragraph 2.3 of this report.

in terms

U

- m (3)
U, = 7

1+ KG

Equation 3 was derived by setting the momentum of the incoming
projectile equal to the momentum of the debris cloud which consists
of the projectile and target material participating in plume
formation.,
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Inherent in this derivation is the assumption that insignificant
material (and momentum from the impact process) is projected into the
debris plume emanating from the front surface of the bumper. Efforts
to measure this front-projected momentum at impact velocities near 7
km/s indicate that its value is less than 1% of the momentum of the
incoming projectile,

We also assume that no momentum is transferred to the bumper
plate itself. This assumption corresponds with both experimental
measurements at light-gas gun velocities and general experience and
is also easy to justify by considering that momentum can only be
transferred from the impact site to the remainder of the plate via
shear stress whose amplitude is limited by material strength. The
time during which this impulse can be transferred is limited to the
time required for the impact to occur (roughly approximated by the
time required for the original projectile to pass through the bumper
plate unimpeded). Such durations typically under 0.5 us and are
always less than 1 pus for impact situations of interest here so that
total impulse transferrable to the plate is effectively limited to
0.1% or less of the total input momentum.

Conservation of momentum as evaluated in Equation 3 leads to a
net reduction in the kinetic energy of the final system (conservation
of linear momentum which is proportional to the first power of
incoming velocity is not consistent with conservation of energy which
is proportional to the velocities squared). We can evaluate the
energy loss Er in terms of the original kinetic energy Em of the
projectile and the dimensionless ratios, K and G previously defined.

2

KG

E = E (4)
r m(l+KG2) '

This lost energy Er is that which is available to drive all of
the phenomena associated with thin-plate impact processes other than
the motion of the c.g. of the debris plume. Specifically, this
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energy equals the total of: kinetic energy associated with debris
projected in front of the bumper plate; thermal and kinetic energy
transferred to the the bumper; energy radiated from the impact site
when the shocked material is at high temperature; trapped thermal
energy in the debris (entropy heating); and kinetic energy of the
debris cloud associated with its outward expansion from the c.g. We
have presented a number of arguments earlier in this report to
indicate that all of these energy sinks except for the last one are
small compared to the last one, i.e., a sustantial majority of the
energy available through momentum conservation is expended as kinetic
energy of the debris material expanding away from the c.g. We are
not convinced, however, that the total of these other energy sources
can be ignored completely. For this reason, we have assigned a
factor, Q, as the ratio of the energy expended as kinetic energy of
the debris expansion to the total available energy. The factor, Q,
should have a value near but below unity in subsequent equations.

We are now in a position to evaluate the expansion velocity of
material in the debris plume away from the c.g., Ue' since we know
the total mass of the debris and the kinetic energy associated with
the expansion process, Ue has been evaluated in Equation 5 in terms
of the original projectile velocity Um and the dimensionless ratios
G, K and Q defined earlier.

U, G YQK
Uu = — (5)
€ 1 + KG

We may now define the angle subtended by the expanding debris
plume at the original impact site, ¢. One-half of this angle, ¢1/2,
is proportional to the sine of the ratio of the expansion velocity Ue
to the c.g. velocity Uc as is evaluated in Equation 6,

61/, = stnt (G VA (6)
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We can also calculate the maximum and minimum rearward
velocities of the debris plume, Umax and Umin corresponding to
motions of the front and rear of the debris bubble on-axis., Maximum
and minimum plume velocities are evaluated with respect to the
original projectile velocity as Umax:Umin respectively and the

dimensionless ratios in Equation 7A and B.

v - Um(_l_’f_G_"‘z?_L) (72)
1 + KG

U 1 = U (l_—gﬂ) (73)

min m\ 1 + kG2

Let us complete this phase of the discussion by developing
expressions for the mass per unit area of the debris cloud during its
expansion and its momentum per unit area. The mass per unit area of
the cloud, My is evaluated by calculating the cloud radius as
_ impingement starts and dividing the equivalent spherical area into
the total mass of the debris cloud as is accomplished in Equation 8,

M1+ KGZ) (1L +6G /6?)2

m =
¢ 417X2G2QK

(8)

Evaluating m, for the standard impact conditions described in
Table 1 at the instant when the cloud first touches the rear plate (x
= X) produces the result that m, = 6.63 x 10-4 Kg/m2 (mc = 6.63 x

10-5 gm/cmz). The equivalent thickness of aluminum at so0lid density
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is 0.25 um.

We can now evaluate the momentum intensity contained within the
cloud on axis by multiplying twice the mass per unit area of the
cloud at the instant of contact by the sum of the on-axis compbnents
of the expansion velocity, Unax’ t Unin® This process has been
carried out and the result is presented in Equation 9 where the
momentum intensity of the debris cloud P is evaluated in terms of
the mass and velocity of the incoming projectile Mm and Unr
respectively; the distance behind the bumper plate where impingement
occurs, X; and the dimensionless ratios K, G and Q.

3
M U (1+G YQK)

p . —
¢ Lo X2 GY QK

(9)

Evaluating Equation 9 for the standard impact parameters yields
the result p_ = 149 Ns/m? (p_ = 1490 taps*).
(* 1 tap = 1 dyne sec/cmz)

2.5 DEBRIS CLOUD INTERACTION WITH UNDERLYING SURFACES

The rearward-directed momentum intensity of the debris cloud is
transferred to the underlying structure upon which the cloud
impinges. 1In principle, this momentum intensity may be increased by
up to a factor of W = 2 if the incoming material rebounds from the
impacted surface. Evidence from experimental studies at velocities
of near 7.0 £ 0.5 km/s indicates that rebound is minimal. The
authors decided to investigate this process in some detail because
the impact situations considered for the Halley's Intercept Mission
are so different from those examined experimentally.

Let us start the analysis by evaluating the mechanical power
associated with the cloud stagnation process. This power input is
the source of energy for heating the stagnated cloud material. The
peak "kinetic power intensity" (peak mechnical power input to the
stagnated material per unit area) may be estimated by calculating the

26



energy content per unit area of the leading surface of the debris
cloud on-axis and dividing this value by the time required for the
debris cloud to travel its own wall thickness. The peak kinetic
energy of the cloud per unit surface area when it contacts the
stagnation surface, e.r is half the product of the mass per unit area
of the cloud, m, from Equation 8, and the maximum cloud velocity,

Umax squared, from Equation 7A.

2 4
MU (1+6 YQK)

€ T 2 2

7 (10)
8 m X“ 6 QK (1 + KG")

If we consider that debris clouds have wall thicknesses B times
their radii, the time required for impingement of the leading
surfaces of the cloud to occur on-axis becomes:

XBG YK (1+ KGZ)

(11)
e U 1+6 Va5 2

The kinetic power, Wor associated with cloud stagnation may now
be evaluated by dividing Equation (10) by Equation (11) to produce
Equation 12.

3 6
M U-(1+6C YOK)

w = (12)
c 81 x3 ¢ B ()2 (1 + ke

Evaluating Equation 12 for the standard impact situation with
the assumption that the debris cloud is 20% full (B = 0.2) produces
an input power estimate of w_ = 4.42 x 1012 w/m2 (4.42 x 108 w/cmz).

We may now continue the analysis by considering the impact of
the plasma plume with the stagnation surface. Evaluation of Unax
using Equation 7 shows that the maximum velocity of the debris cloud
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on-axis is somewhat greater than the original impact velocity over
the range of interest to this study (the velocity Unax relative to
the projectile velocity Um has a maximum value of 1.2066 when the
ratio, K, of bumper mass-per-unit-area to that of the projectile has
a value of K = 0.191 and the other dimensionless parameters, G & Q
are considered unity). Equation 7A and 7B are plotted in Figure 3.
The range of interest for this analysis extends from K = 0.1 to
the limit of the analysis applicability which is estimated to be near
K = 5-10, Thus, we may expect that the most severe point of the
debris plume striking the underlying surface has a velocity between
100% and 120% of the incoming velocity (up to 84 km/s for the
Halley's intercept mission when the incoming projectile velocity is
near 70 km/s). The peak specific energy of this material (ea in
electron volts per atom) is evaluated in Equation 13 in terms of the
electronic charge, e; Avogadro's number, ﬁ; the molecular weight of
the species of interest, m; and the peak impingement velocity, U

max

5 x 10 n U2
max

e = 5 (13)

a e A

The dominant materials in a debris cloud are expected to be:
silicon with an atomic weight of 28 gm/mole; aluminum (from the
bumper) with an atomic weight of 27 gm/mole; and oxygen with an
atomic weight of 16 gm/mole (or molecular weight of 32 gm/mole).
Evaluating Equation 13 using a somewhat arbitrary mean molecular
weight of 27 gm/mole for the debris yields an average specific energy
of 989 electron volts per atom (ev/atom) (36.6 ev/amu).
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